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(54) Fuel injector 

(57) A fuel injector comprising a valve member (12) 
which is engageable with a valve seating to control fuel 
delivery from the injector, an actuator arrangement (28) 
and an amplifier arrangement (34, 62) for transmitting 
movement of the actuator arrangement to the valve 
member (12). The amplifier arrangement comprises a 
piston member (34) with which the actuator arrange- 
ment is cooperable to apply a retracting force to the pis- 
ton member (34), and a control chamber (62) for fluid. 
The amplifier arrangement preferably comprises me- 
chanical coupling means (48, 50, 52; 12b, 35a) for cou- 
pling movement of the piston member (34) to the valve 
member (12) upon application of an initial retracting 
force to the piston member (34). The amplifier arrange- 
ment is arranged such that, upon application of the initial 
retracting force, the valve member (12) is caused to 
move with the piston member (34) away from the valve 
seating, movement of the valve member (12) being de- 
coupled from the piston member (34) following initial 
movement of the valve member (12) away from the 
valve seating so as to provide variable amplification of 
movement of the actuator arrangement to the valve 
member (12). 
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Description 

[0001] The invention relates to a fuel injector for use 
in the delivery of fuel to a combustion space of an inter- 
nal combustion engine. In particular, but not exclusively, 
the invention relates to a fuel injector of the type intend- 
ed for use in a fuel system of the accumulator or com- 
mon rail type, the injector being of the type controlled 
using a piezoelectric actuator arrangement. 
[0002] In a known piezoelectrically actuated fuel in- 
jector, a piezoelectric actuator is operable to control the 
position occupied by a control piston, the piston being 
moveable to control the fuel pressure within a control 
chamber defined by a surface associated with the valve 
needle of the injector and a surface of the control piston. 
The piezoelectric actuator includes a stack of piezoe- 
lectric elements, the energisation level, and hence the 
axial length, of the stack being controlled by applying a 
voltage across the stack. Upon de-energisation of the 
piezoelectric stack, the axial length of the stack is re- 
duced and the control piston is moved in a direction 
which causes the volume of the control chamber to be 
increased, thereby causing fuel pressure within the con- 
trol chamber to be reduced. The force applied to the 
valve needle due to fuel pressure in the control chamber 
is therefore reduced, causing the valve needle to lift 
away from a valve needle seating so as to permit fuel 
delivery into the associated engine cylinder. 
[0003] In order to cause initial movement of the valve 
needle away from its seating, a relatively large retracting 
force must be applied to the valve needle. In known pi- 
ezoelectrically actuated fuel injectors, the large retract- 
ing force applied to the valve needle is maintained 
throughout opening movement of the valve needle to its 
full lift position. However, once valve needle movement 
has been initiated, a reduced force is sufficient to cause 
continued movement of the valve needle towards its full 
lift position. Known fuel injectors of this type are there- 
fore relatively inefficient as a significant amount of en- 
ergy is wasted in applying a large retracting force to the 
valve needle throughout its full range of movement. 
[0004] It is an object of the invention to provide a fuel 
injector which alleviates this problem. 
[0005] According to the present invention, a fuel in- 
jector comprises a valve member which is engageable 
with a valve seating to control fuel delivery from the in- 
jector, an actuator arrangement and a hydraulic ampli- 
fier arrangement for transmitting movement of the actu- 
ator arrangement to the valve member, the hydraulic 
amplifier arrangement comprising a piston member and 
a control chamber for fluid, whereby the actuator ar- 
rangement is cooperable with the piston member so as 
to apply a retracting force to the piston member, the am- 
plifier arrangement being arranged such that, upon ap- 
plication of the initial retracting force, the valve member 
is caused to move with the piston member away from 
the valve seating, movement of the valve member being 
decoupled from the piston member following initial 



movement of the valve member away from the seating 
such that further movement of the valve member is 
transmitted from the actuator arrangement to the valve 
member through fluid within the control chamber, the 
5 amplifier arrangement thereby providing a variable am- 
plification of movement of the actuator arrangement to 
the valve member. 

[0006] Preferably, the amplifier arrangement compris- 
es mechanical coupling means for coupling movement 
10 of the piston member to the valve member upon appli- 
cation of an initial retracting force to the piston member. 
[0007] Preferably, the amplifier arrangement is ar- 
ranged such that amplification of movement during fur- 
ther movement of the valve member away from the 
15 , valve seating is determined by the relative diameters of 
the piston member and the valve member. 
[0008] Preferably, the actuator arrangement includes 
a piezoelectric element or a stack of piezoelectric ele- 
ments, the piezoelectric element being cooperable with 
the piston member so as to apply the retracting force to 
the piston member upon the axial length of the piezoe- 
lectric element being reduced. 

[0009] During the initial stage of operation in which 
the piston member is mechanically coupled to the valve 
member the injector has an initial, relatively low ampli- 
fication of movement. During a secondary stage of op- 
eration in which the piston member is mechanically de- 
coupled from the valve member the injector has a sec- 
ond, relatively high amplification of movement, the sec- 
ond amplification of movement being determined by the 
relative diameters of the piston member and the valve 
needle. 

[0010] A relatively large force is required to cause in- 
itial movement of the valve member away from its seat- 
ing to commence injection but, following initial lift, a re- 
duced force is required to cause continued movement 
of the valve member towards its full lift position. The 
present invention provides the advantage that move- 
ment of the piezoelectric element which is transmitted 
to the valve member is amplified by a variable amount 
through the full range of movement of the valve member. 
Thus, relatively low amplification of movement can be 
applied to the valve member during initial lifting of the 
valve member away from a valve member seating, fol- 
lowing which a relatively high amplification of movement 
is applied to the valve member to continue movement 
of the valve member away from the seating. The inven- 
tion therefore permits the different amplification require- 
ments during the initial stage of valve member move- 
ment and during continued movement of the valve mem- 
ber to be achieved in an efficient manner. As the fuel 
injector of the present invention can be operated more 
efficiently, fuel consumption is improved. The invention 
also enables the control of valve member movement to 
be improved. 

[0011] Preferably, the control chamber is defined, in 
part, by a piston bore provided in the piston member. 
[0012] The injector may comprise a further chamber, 
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whereby upon opening movement of the valve member 
fuel flows from the control chamber to the further cham- 
ber at a relatively low rate. 

[0013] In a preferred embodiment, the injector further 
comprises means for substantially preventing closing 
movement of the valve member from being damped. In 
a first embodiment, said means include valve means op- 
erable between a closed position, in which a substan- 
tially fluid tight seal is provided between the control 
chamber and the further chamber, and an open position 
in which a flow path for fuel provides communication be- 
tween the control chamber and the further chamber. 
[001 4] The valve means may include an annular vaive 
member, and the flow path for fuel may be defined, in 
part, between the piston member and the valve member. 
[0015] The annular valve member may be arranged 
to be engageable with a further seating defined by a sur- 
face of the valve member to control opening and closing 
of the flow path for fuel. 

[0016] In a second embodiment, the means for sub- 
stantially preventing closing movement of the valve 
member from being damped may include valve means, 
preferably including an annular valve member, operable 
between a seated position in which a restricted flow path 
is defined between the control chamber and the further 
chamber and an unseated position in which a relatively 
unrestricted flow path for fuel is defined between the 
control chamber and the further chamber. 
[0017] In this embodiment, the annular valve member 
may be arranged to define, in part, a restricted flow path 
which serves to restrict the rate of flow of fuel from the 
control chamber during opening movement of the valve 
member, thereby to cause opening movement of the 
valve member to be damped. 

[0018] Preferably, the annular valve member may 
have an outer surface provided with a screw thread for- 
mation which defines, in part, the restricted flow path. 
Alternatively, the annular valve member may have an 
outer surface provided with flats, slots and/or grooves 
to define the restricted flow path. 
[0019] In another alternative embodiment, the injector 
may comprise damping means for damping opening 
movement of the valve member. 
[0020] The damping means may include a restricted 
passage provided in the valve member, one end of 
which communicates with the control chamber and the 
other end of which communicates with the further cham- 
ber, whereby upon opening movement of the valve 
member fuel flows from the control chamber to the fur- 
ther chamber at a relatively low rate. 
[0021] The injector preferably comprises a nozzle 
body provided with a nozzle body bore within which the 
valve member is movable, the nozzle body being pro- 
vided with a projection which is received, in part, within 
a sleeve member within which the piston memberslides. 
The piston member may be arranged to form a substan- 
tially fluid tight seal within the sleeve member. 
[0022] The valve member may be shaped to include 



a region of enlarged diameter, the piston member being 
shaped to defined a further surface which is engageable 
with the enlarged region of the valve member so as to 
couple movement of the piston member and the valve 
member upon application of the initial retracting force, 
movement of the piston member and the valve member 
being decoupled following initial movement of the valve 
member away from its seating. 

[0023] Alternatively, the mechanical coupling means 
take the form of a substantially C-shaped spring re- 
ceived partially within a first groove provided on the sur- 
face of the valve member and partially within a corre- 
sponding second groove provided on the piston mem- 
ber such that, upon application of the initial retracting 
force to the piston member, the spring serves to couple 
movement of the piston member to the valve member. 
[0024] The spring is preferably arranged such that, 
following initial movement of the valve member away 
from the valve seating, the spring is able to ride within 
the corresponding second groove provided on the pis- 
ton member, thereby permitting relative movement be- 
tween the piston member and the valve member. 
[0025] The stack of piezoelectric elements may pref- 
erably have an end member associated therewith, the 
end member cooperating with the piston member so as 
to transmit movement to the piston member upon the 
axial length of the piezoelectric element being varied. 
[0026] The piston member preferably has, associated 
therewith, resilient bias means which serve to urge the 
piston member and the valve member towards a posi- 
tion in which the valve member is seated. 
[0027] Conveniently, the resilient bias means may 
take the form of a spring or pair of springs arranged with- 
in a blind bore provided in the end member. 
[0028] A further spring member may be arranged 
within the control chamber to urge the valve member 
towards its seating. 

[0029] The end member and the piston member may 
be provided with means for preventing relative angular 
movement therebetween. 

[0030] Alternatively, the end member may be provid- 
ed with a spherical joint to ensure the piston member is 
substantially axially aligned with the nozzle body of the 
injector. 

[0031] In one embodiment, the control chamber may 
also be defined, in part, by a drilling provided in the valve 
member. The drilling may be arranged to communicate 
with the restricted passage in the valve member to per- 
mit opening movement of the valve member to be 
damped. 

[0032] The invention will now be described, by way of 
example only, with reference to the accompanying 
drawings in which; 

55 Figure 1 isasectional view of an embodiment of the 
present invention: 

Figure 2 is an enlarged sectional view of a part of 
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the fuel injector in Figure !, 

Figure 3 is a schematic view of a part of an alterna- 
tive embodiment to that shown in Figures 1 and 2 
and 

Figure 4 is a sectional view of a further alternative 
embodiment to those shown in Figures 1 to 3. 

[0033] Referring to Figures 1 and 2, the fuel injector 
includes a nozzle body 1 0 provided with a blind bore 1 1 
within which a valve needle or valve member 12 is slid^ 
able, the valve needle 1 2 including an upper region 1 2a 
having a diameter D VN (as shown in Figure 2), corre- 
sponding to a cross -sectional area A VN , which serves 
to guide movement of the valve needle 12 within the 
bore 1 1 . The end of the valve needle 1 2 remote from the 
upper region 12a is shaped to be engageable with a 
valve seating defined by the blind end of the bore 1 1 to 
control fuel delivery through outlet openings (not shown) 
provided in the nozzle body 10. 

[0034] An enlarged region of the bore 11 defines an 
annular chamber 13 which communicates with a supply 
passage 14 for fuel defined, in part, within the nozzle 
body 10, the supply passage 14 communicating with a 
source of pressurised fuel, for example the common rail 
of a common rail fuel system. In use, fuel delivered to 
the annular chamber 13 through the supply passage 14 
is able to flow to a delivery chamber 1 5 defined between 
the valve needle 12 and the bore 11 by means of flats, 
slots or grooves 1 6 provided on the surface of the valve 
needle 12. Engagement of the valve needle 12 with its 
seating prevents fuel within the delivery chamber 15 
flowing past the seating and out through the outlet open- 
ings provided in the nozzle body 10. When the valve 
needle 12 is moved away from its seating, fuel within 
the delivery chamber 15 is able to flow past the seating, 
through the outlet openings and into an engine cylinder 
or other combustion space. The valve needle 1 2 is pro- 
vided with one or more thrust surfaces 12c, fuel pres- 
sure within the delivery chamber 1 5 acting on the thrust 
surfaces 12c to urge the valve needle 12 away from its 
seating. By controlling the force on the valve needle 12 
which opposes the upward force acting on the thrust sur- 
faces 12c, movement of the valve needle 12 away from 
its seating can be controlled, as will be described in fur- 
ther detail hereinafter. 

[0035] The end of the nozzle body 1 0 remote from the 
outlet openings is in abutment with a distance piece 20 
provided with a through bore 20a, the distance piece 20 
also being provided with a drilling which forms part of 
the supply passage 14 for fuel. The surface of the dis- 
tance piece 20 remote from the nozzle body 1 0 is in 
abutment with an actuator housing 22 for a piezoelectric 
actuator arrangement, the piezoelectric actuator ar- 
rangement being arranged to control movement of the 
valve needle 1 2 within the bore 1 1 , in use. The actuator 
housing 22 defines an accumulator volume 26 for re- 



ceiving fuel at high pressure. A stack 28 of piezoelectric 
elements, forming part of the actuator arrangement, is 
arranged within the accumulator volume 26. As can be 
seen in Figure 1, the actuator housing 22 includes an 
inlet region 42 provided with a drilling 44 forming part of 
a supply passage for fuel flowing from the inlet region 
42 to the nozzle body 10. The inlet region 42 and the 
drilling 44 are arranged such that, in use, fuel is supplied 
through the inlet region 42, through the drilling 44 and 
into the accumulator volume 26 for delivery to the supply 
passage 1 4 defined within the distance piece 20 and the 
nozzle body 1 Q. The inlet region 42 houses an edge filter 
member 46 which serves to remove particulate contam- 
inants from the flow of fuel to the injector, in use, thereby 
reducing the risk of damage to the various components 
of the injector. 

[0036] A part of the actuator housing 22, the distance 
piece 20 and a part of the nozzle body 10 are retained 
within a cap nut 24 in a conventional manner. 
[0037] The lowermost end of the piezoelectric stack 
28 is engaged with an end member 30, the end member 
30 being provided with a blind bore 32 within which a 
piston member 34 is received. As illustrated in Figure 2, 
the piston member 34 has a diameter D P , corresponding 
to a cross-sectional area A P , the piston member 34 be- 
ing provided with a piston bore 35 within which a portion 
of the upper region 12a of the valve needle is slidable. 
At its end remote from the end member 30, the piston 
member 34 extends into the bore 20a provided in the 
distance piece 20. The end member 30 and the distance 
piece 20 are arranged such that the bore 32 provided in 
the end member 30 is substantially concentric with the 
bore 20a provided in the distance piece 20. 
[0038] A spacer member 36 abuts the blind end of the 
bore 32 provided in the end member 30, a first spring 
38, or pair of springs, being arranged between the spac- 
er member 36 and the piston member 34 to urge the 
piston member 34, and hence the valve needle 12, in a 
downward direction in the illustration shown, towards 
the valve needle seating. The end member 30, the spac- 
er member 36 and the piston member 34 are provided 
with appropriate drillings for receiving a dowel 40 which 
serves to prevent relative angular movement between 
the piston member 34 and the end member 30. Any an- 
gular misalignment between the end member 30 and the 
piston member 34 can lead to undesirable fuelling var- 
iations. 

[0039] The upper region 1 2a of the valve needle 1 2 is 
provided with an annular groove or recess 48 within 
which a C-shaped spring 50 is received. The spring 50 
is arranged to co-operate with a further recess or groove 
52 provided in the bore 35 of the piston member 34. 
Conveniently, further drillings 51 may be provided in the 
piston member 34 to enable extraction of the C-shaped 
spring 50 during disassembly of the injector. 
[0040] The spring 50 provides a direct mechanical 
coupling between the piston member 34 and the valve 
needle 12. Thus, in use, upon a reduction in the length 
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of the piezoelectric stack 28 and the application of a re- 
tracting force to the piston member 34, the piston mem- 
ber 34 is caused to move away from the nozzle body 1 0 
by an initial amount, cooperation between the spring 50 
and the grooves 48, 52 during initial movement of the 
piston member 34 causing the valve needle 12 to move 
with the piston member 34 away from its seating. 
[0041 ] The bore 35 provided in the piston member 34 
defines, together with the end surface of the region 1 2a 
of the valve needle 12 and a blind drilling 60 provided 
in the valve needle 12, a control chamber 62 for fuel. A 
further spring 64 is arranged within the control chamber 
62, the force due to the further spring 64, together with 
the force due to the piston spring 38, serving to urge the 
valve needle 12 against its seating. The piston member 
34 and the control chamber 62 provide an amplifier ar- 
rangement for transmitting movement of the end mem- 
ber 30, in response to variations in the axial length of 
the piezoelectric stack 28, to the piston member 34 and, 
hence, to the valve needle 12, as will be described in 
further detail hereinafter. 

[0042] In use, fuel under high pressure is supplied 
through the inlet region 42 to the accumulator volume 
26 and is able to flow into the control chamber 62 
through a restricted passage 66 provided in the piston 
member 34. Fuel pressure within the control chamber 
62 applies a force to the valve needle 12 which, together 
with the force due to the springs 64, 38, acts against a 
force due to fuel pressure within the delivery chamber 
1 5 acting on the thrust surfaces 1 2c of the valve needle 
12. By controlling the axial length of the piezoelectric 
stack 28, and hence movement of the piston member 
34, the net force acting on the valve needle 12 can be 
controlled so as to permit injection through the outlet 
openings of the injector during the required stages of 
operation. 

[0043] The valve needle 1 2 is provided with a restrict- 
ed passage 61 which communicates with the drilling 60 
and, hence, with the control chamber 62. The restricted 
passage 61 communicates with a further chamber 62a 
defined, in part, by a recess in the end surface of the 
nozzle body 1 0. The provision of the restricted passage 

61 in communication with the chamber 62a serves to 
damp opening movement of the valve needle 12 by re- 
stricting the rate of flow of fuel from the control chamber 

62 as a retracting force is applied to the piston member 
34. An annular valve member 65 is arranged within the 
piston bore 35, the valve member 65 being engageable 
with a seating 65a defined by the upper end surface of 
the valve needle 12. The annular valve member 65 is 
urged against its seating 65a by means of the spring 64 
arranged within the control chamber 62. The provision 
of the annular member 65 serves to limit damping of 
closing movement of the valve needle 1 2, as will be de- 
scribed in further detail hereinafter. 

[0044] The blind end of the bore 32 provided in the 
end member 30 defines, together with an end surface 
of the piston member 34 and a blind drilling 78 provided 



in the piston member 34, a further chamber 70 for fuel 
which communicates, through a restricted drilling 68 
provided in the piston member 34, with the accumulator 
volume 26. The provision of the further chamber 70 
5 compensates for variations in the length of the piezoe- 
lectric stack 28 due to thermal expansion effects. 
[0045] In order to ensure fuel within the accumulator 
volume 26 is unable to flow into the control chamber 62 
other than through the restricted passage 66, an annular 
10 seal member 72 is arranged to seat against the upper 
surface of the distance piece 20. An additional spring 
76 is provided to urge the annular seal member 72 
against the distance piece 20, the force due to the spring 
^ 76 being transmitted to the seal member 72 through a 
15 first thrust member 74. The spring 76 is selected to en- 
sure the annular seal member 72 remains seated 
against the distance piece 20 to provide a substantially 
fluid tight seal between the control chamber 62 and the 
accumulator volume 26 even in circumstances in which 
20 fuel pressure within the control chamber 62 exceeds 
that within the accumulator volume 26. 
[0046] A second annular seal member 78 is also pro- 
vided to ensure a substantially fluid tight seal is provided 
between the accumulator volume 26 and the further 
25 chamber 70, the second seal member 78 being ar- 
ranged to seat against a further seating 78a defined by 
a surface of the end member 30. The second annular 
seal member 78 has an associated second thrust mem- 
ber 80, the end of the spring 76 remote from the first 
30 thrust member 74 being in abutment with the second 
thrust member 80 so as to urge the second annular seal 
member 78 against its seating 78a. 
[0047] In use, with the fuel injector supplied with fuel 
under high pressure through the inlet region 42, and with 
35 the piezoelectric stack 28 having an energisation level 
at which the axial length of the stack 28 is relatively long, 
the piston member 34 occupies a position in which the 
force acting on the valve needle 1 2 due to fuel pressure 
within the control chamber 62, in combination with the 
40 force due to the springs 64, 38, is sufficient to overcome 
the upward force acting on the thrust surfaces 1 2c of the 
valve needle 12 due to fuel pressure within the delivery 
chamber 1 5. The valve needle 1 2 is therefore urged into 
engagement with its seating and fuel within the delivery 
45 chamber 15 is unable to flow out through the outlet 
openings provided in the nozzle body 1 0 into the engine 
cylinder. Fuel injection does not therefore take place. 
[0048] In order to commence injection, the piezoelec- 
tric stack 28 is energised to a second energisation level 
so causing the axial length of the piezoelectric stack 28 to 
be reduced. As the axial length of the piezoelectric stack 
28 is reduced, a retracting force is applied to the piston 
member 34, through the end member 30, such that the 
piston member 34 moves in an upward direction in the 
55 illustration shown, away from the nozzle body 10. Initial- 
ly, as the piston member 34 is coupled to the valve nee- 
dle 12 by means of the spring 50, movement of the pis- 
ton member 34 is accompanied by movement of the 
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valve needle 12. During this initial stage of valve needle 
movement, the valve needle 12 lifts away from its seat- 
ing such that fuel within the delivery chamber 1 5 is able 
to flow past the seating and out through the outlet open- 
ings to commence fuel injection. 
[0049] It will be appreciated that, for the period during 
which the valve needle is coupled to the piston member, 
the movement amplification factor of the amplifier ar- 
rangement is substantially equal to unity. 
[0050] As the piston member 34 continues to be 
drawn by the retracting force applied by the stack 28, 
the volume of the control chamber 62 will tend to in- 
crease, thereby causing fuel pressure within the control 
chamber 62 to decrease. As fuel pressure within the 
control chamber 62 decreases, the force acting on the 
upper end surface of the valve needle 12 will be re- 
duced, thereby causing an imbalance between the 
downward force on the valve needle 12, due to the 
springs 64, 38 and fuel pressure within the control cham- 
ber 62, and the force due to fuel pressure within the de- 
livery chamber 15 acting on the valve needle thrust sur- 
faces 12c. Once the valve needle 12 starts to lift, the 
force required to lift the valve needle further is also re- 
duced. Thus, following initial movement of the valve 
needle 1 2 away from its seating, the valve needle 1 2 will 
tend to decouple from the piston member 34, the spring 
50 being caused to ride within the groove 52 provided 
in the bore 35 of the piston member 34 such that relative 
movement occurs between the valve needle 12 and the 
piston member 34. During this second stage of opera- 
tion, movement of the valve needle 12 is governed by 
hydraulic amplification of movement of the stack 28 pro- 
vided by the piston member 34 and the control chamber 
62. During this second stage of operation, movement of 
the piezoelectric stack 28 is amplified by a movement 
amplification factor, G 2 , given by; 

G 2 = A P /A VN 

where A P is the cross-sectional area of the piston mem- 
ber 34 arid AVN is the cross-sectional area of the region 
12a of the valve needle 12. 

[0051 ] As described previously, the rate of flow of fuel 
from the control chamber 62 to the further chamber 62a 
is restricted by means of the restricted passage 61 such 
that, upon application of the retracting force to the piston 
member 34 to draw the piston member 34 in a direction 
which tends to increase the volume of the control cham- 
ber 62, accompanying movement of the valve needle 12 
is damped. 

[0052] As initial movement of the valve needle 12 
away from it seating is caused by the mechanical cou- 
pling between the piston member 34 and the valve nee- 
dle 1 2 due to the spring 50, and as further movement of 
the valve needle 12 following the initial lift from its seat- 
ing is governed by hydraulic amplification only, the am- 
plifier arrangement provides a variable amplification of 



movement of the stack 28 throughout the full range of 
movement of the valve needle 12 between its seated 
position and its fully lifted position. The retracting force 
applied by the piezoelectric stack 28 is thereby modified 
5 by a varying amount throughout the range of valve nee- 
dle movement. In conventional arrangements, amplifi- 
cation of movement of the stack is constant throughout 
the full range of movement of the valve needle. Thus, in 
order to ensure the initial high force required to cause 
the valve needle 12 to lift away from its seating is pro- 
vided, it is necessary to maintain a relatively low move- 
ment amplification throughout the full range of valve 
needle movement. The efficiency of conventional injec- 
tors is therefore compromised. The fuel injector of the 
present invention overcomes this problem, and also per- 
mits more accurate control of valve needle movement, 
thereby enabling smaller fuel quantities to be injected 
with improved control and reducing exhaust emissions. 
[0053] In order to terminate fuel injection, the axial 
length of the piezoelectric stack 28 is increased to cause 
movement of the piston member 34 in a downward di- 
rection towards the nozzle body 1 0. The force acting on 
the upper end surface of the valve needle 12. through 
the hydraulic amplifier arrangement is therefore in- 
creased as the volume of the control chamber 62 is re- 
duced and a point will be reached at which the down- 
ward force applied to, the valve needle 12 due to fuel 
pressure within the control chamber in combination with 
the force due to the springs 64, 38, is sufficient to urge 
the valve needle 1 2 against its seating to terminate fuel 
injection. 

[0054] The provision of the annular valve member 65 
ensures closing movement of the valve needle 12 oc- 
curs relatively rapidly. Upon downward movement of the 
piston member 34, a point will be reached when the 
pressure of fuel acting on the angled thrust surface of 
the valve member 65 will exceed the force due to the 
spring 64 and fuel pressure within the control chamber 
62 acting on the upper surface of the valve member 65 
such that the valve member 65 lifts away from its seat- 
ing. In such circumstances, a flow path 67 for fuel is 
opened up between the valve member 65 and its seating 
65a. The flow path 67 provides communication between 
the control chamber 62 and the further chamber 62a 
such that the rate of flow of fuel to the control chamber 
62 during closing movement of the valve needle 12 is 
increased. Thus, any damping of closing movement of 
the valve needle 12 will be limited. 
[0055] Figure 3 shows an alternative embodiment of 
the invention to that shown in Figures 1 and 2 in which 
the mechanical coupling between the valve needle 12 
and the piston member 34 is provided by engagement 
between an enlarged diameter region 12b of the valve 
needle 12 and a step 35a in the surface of the bore 35 
provided in the piston member 34. Operation of this em- 
bodiment of the invention occurs in a similar manner to 
that described previously such that, upon application of 
the initial retracting force to the piston member 34 when 
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the axial length of the stack 28 is reduced, the valve nee- . 
die 12 is caused to move with the piston member 34 by 
engagement between the step 35a and the enlarged 
end region 12b of the valve needle 12. Once the valve 
needle 1 2 has lifted away from its seating, further retrac- 5 
tion of the piston member 34 causes the volume of the 
control chamber 62 to increase, thereby reducing the 
force due to fuel pressure within the control chamber 62 
acting on the valve needle 12, the valve needle ^there- 
by being urged further away from its seating to cause 10 
relative movement between the piston member 34 and 
the valve needle 12. During this second stage of valve 
needle movement, the movement amplification factor is 
determined by the relative cross -sectional areas of the 
piston member 34 and the region 12a of the valve nee- is 
die 1 2 which serves to guide movement of the valve nee- 
dle 12 within the bore 11 , as described previously. 
[0056] In practice, the embodiment of the invention 
shown in Figures 1 and 2 may be preferred to that shown 
in Figure 3, as manufacture and assembly is simpler. 20 
[0057] Figure 4 shows a further alternative embodi- 
ment of the invention which enables manufacture of the 
injector to be further simplified. Similar parts to those 
shown in Figures 1 to 3 are denoted with like reference 
numerals and will not be described in further detail. The 25 
distance piece 20 shown in Figures 1 and 2 is removed 
and, in its place, the nozzle body 10 is provided with a 
projection or spigot 10a which projects into a through 
bore 84 provided in a sleeve member 86 mounted within 
the accumulator volume 26. The piston member 34 is 30 
received within the sleeve member 86 and forms a close 
fit with the bore 84 such that the need for the annular 
seal member 72 and the second seal member 78, as 
shown in Figure 2, is removed. As the piston member 
34 forms a close fit within the bore 84, fuel within the 35 
accumulator volume 26 is unable to flow into the control 
chamber 62 other than through a first restricted passage 
88 provided in the sleeve member 86, and fuel is unable 
to flow into the further chamber 70 other than through a 
second restricted passage 89 provfded in the sleeve 40 
member 86. As there is no need to provide the seal 
members 72, 78, the need for the spring 76 is also re- 
moved. 

[0058] The annular member 65 is provided with a flat, 
slot, groove or recess to define a restricted flow path 90 *s 
between the control chamber 62 and the chamber 62a 
defined, in part, by a recess provided in the upper end 
surface of the nozzle body projection 1 0a. The provision 
of the restricted flow path 90 serves to damp opening 
movement of the valve needle 1 2 by restricting the rate so 
of flow of fuel from the control chamber 62 as a retracting 
force is applied to the piston member 34. The restricted 
flow path 90 therefore provides the same function as the 
restricted passage 61 provided in the valve needle 12, 
as shown in Figure 2. However, the machining of the 55 
drilling in the valve needle 12 is difficult to achieve as 
the valve needle is formed from hardened steel, and so 
the embodiment shown in Figure 4 is easier to manu- 



facture in this respect. 

[0059] The annular valve member 65 in the embodi- 
ment of Figure 4 functions in the same way as described 
previously such that closing movement of the valve nee- 
dle 12 occurs relatively rapidly due to the flow path for 
fuel which opens up between the control chamber 62 
and the further chamber 62a when the piezoelectric ac- 
tuator arrangement is de-energised to increase the axial 
length of the stack 28 and the annular valve member 65 
lifts from its seating 65a. 

[0060] It will be appreciated that the provision of the 
groove on the outer surface of the annular valve mem- 
ber 65 results in there always being a restricted flow path 
between the control chamber 62 and the further cham- 
ber 62a. Thus, when the annular valve member 65 is 
seated against the seating 65a, a restricted flow path for 
fuel exists between the control chamber 62 and the fur- 
ther chamber 62a, but when the annular valve member 
65 lifts from its seating 65a a relatively unrestricted flow 
path is opened up between the valve needle 12 at the 
surface 65a and the annular valve member 65. Thus, 
fuel is able to flow into the control chamber 62 at a rel- 
atively high rate upon the axial length of the stack 28 
being increased, thereby ensuring closing movement of 
the valve needle 12 is not damped. . 
[0061] As an alternative to providing a flat, slot or 
groove on the annular valve member 65 to define the 
restricted flow path 90, the outer surface of the annular 
valve member 65 may be provided with a screw thread 
formation 92, as shown in Figures. In a further alterna- 
tive embodiment, the screw thread formation may be 
provided on the bore 35 of the piston member 34. 
[0062] In order to ensure the sleeve member 86 is ar- 
ranged such that the piston member 34 is substantially 
axially aligned with the nozzle body 10, and to prevent 
bending of the piezoelectric stack 28, a spherical joint 
30a is provided on the end member 30 engaged with 
the lowermost end of the piezoelectric stack 28. The sur- 
face of the spherical joint remote from the end member 
30 is engaged with the one more springs 38, typically in 
the form of a leaf spring, which serves to urge the piston 
member 34, and hence the valve needle 12, in a down- 
ward direction. The spherical joint 30a has an outer sur- 
face of part spherical form and is machined to form an 
interference fit in the bore 84 of the sleeve member 86 
such that, upon assembly of the injector, the sleeve 
member 86 is forced against an end surface 1 0b of the 
nozzle body 10. A generally U-shaped plug or closure 
member 87 is received within the control chamber 62 to 
locate the spring 64. 

[0063] It is important to ensure that the upper surface 
1 0b of the nozzle body 1 0 and a lower end surface 86a 
of the sleeve member 86 do not engage during normal 
injector operation. To ensure this does not happen, 
when the injector is assembled a maximum axial load is 
applied to the arrangement through the cap nut 24 and 
the" injector is pressurised with fuel to a level below its 
normal operating pressure. The piezoelectric actuator 
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is fully energised to extend the stack 28 to its maximum 
length and the sleeve member 86 is positioned such that 
a slight gap exists between the faces 1 0b, 86a. It will be 
appreciated that the actual position of the sleeve mem- 
ber 86 relative to the piston member 34 has no effect on 
the operation of the amplifier arrangement, and that no 
axial hydraulic forces are imposed on the sleeve mem- 
ber 86 during injector operation. - 
[0064] A further advantage is provided in the embod- 
iment shown in Figure 4 in that passages 94 permitting 
fuel under high pressure to flow from the accumulator 
volume 26 into the annular chamber 1 3 are provided in 
a region of the nozzle body 10 in which dilation under 
high pressure is limited, whereas in the embodiment 
shown in Figure 2 high pressure fuel is supplied through 
a drilling in the distance piece 20 to the passage 14 in 
the nozzle body 1 0. As the projection 1 0a on the nozzle 
body 10 does not dilate under high pressure, there is a 
higher manufacturing tolerance on the diameter of the 
upper region 12a of the valve needle 12 and the diam- 
eter of the adjacent region 11 a of the bore 11 . 
[0065] The embodiment shown in Figure 4 operates 
in a similar way to the embodiment shown in Figures 1 
to 3. Upon application of the initial retracting force to the 
piston member 34 when the axial length of the stack 28 
is reduced, the valve needle 12 is caused to move with 
the piston member 34 by engagement between the step 
35a and an enlarged region 1 2b of the valve needle 1 2. 
Once the valve needle 1 2 has lifted away from its seat- 
ing, further retraction of the piston member 34 causes 
the volume of the control chamber 62 to increase, there- 
by reducing th e force due to fuel pressu re with in the con- 
trol chamber 62 acting on the valve needle 1 2 such that 
the valve needle 12 is urged further away from its seat- 
ing to cause relative movement between the piston 34 
and the valve needle 12. During this second stage of 
valve needle movement, the movement amplification 
factor is determined by the relative cross -sectional are- 
as of the piston member 34 and the region 12a of the 
valve needle 1 2 which serves to guide movement of the 
valve needle, as described previously. Thus, the em- 
bodiment shown in Figure 4 also provides for variable 
amplification of movement of the valve needle 1 2 as the 
valve needle moves from its seated position to its fully 
lifted position. The restricted flow path 90 serves to 
damp opening movement of the valve needle 12 by re- 
stricting the rate of flow of fuel from the control chamber 
62 as the retracting force is applied to the piston member 
34. The provision of the annular valve member 65 en- 
sures valve needle closing movement occurs relatively 
rapidly as the annular valve member 65 is caused to lift 
from its seating 65a defined by an upper surface of the 
enlarged region 12b of the valve needle 12 to open a 
fuel path between the control chamber 62 and the fur- 
ther chamber 62a. 

[0066] It will be appreciated that the piezoelectric ac- 
tuator arrangement in any of the afore-described em- 
bodiments need not include a stack of piezoelectric el- 



ements but may include only a single piezoelectric ele- 
ment, the energisation level of the element, and hence 
its axial length, being controlled by varying the voltage 
applied to the element in a conventional manner. 



Claims 

1. A fuel injector comprising a valve member (12) 
10 which is engageable with a valve seating to control 
fuel delivery from the injector, an actuator arrange- 
ment (28) and a hydraulic amplifier arrangement for 
transmitting movement of the actuator arrangement 
(28) to the valve member (12), the hydraulic ampli- 
fy fier arrangement comprising a piston member (34) 
and a control chamber (62) for fluid, whereby the 
actuator arrangement (28) is cooperable with the 
piston member (34) so as to apply a retracting force 
to the piston member (34), the amplifier arrange- 
20 ment being arranged such that, upon application of 
an initial retracting force to the piston member (34), 
the valve member (12) is caused to move with the 
piston member (34) away from the valve seating, 
movement of the valve member (12) being decou- 
25 pied from the piston member (34) following initial 
movement of the valve member (1 2) away from the 
seating such that further movement of the valve 
member (12) is transmitted from the actuator ar- 
rangement (28) to the valve member (12) through 
30 fluid within the control chamber (62), the amplifier 
arrangement (34, 62) thereby providing a variable 
amplification of movement of the actuator arrange- 
ment (28) to the valve member (1 2). 

35 2. Afuel injector as claimed in Claim 1 .comprising me- 
chanical coupling means (48, 50, 52; 12b, 35a) for 
coupling movement of the piston member (34) to 
the valve member (1 2) upon application of the initial 
retracting force. 

40 

3. A fuel injector as claimed in Claim 1 or Claim 2, 
wherein the actuator arrangement includes a stack 
(28) of piezoelectric elements, the piezoelectric el- 
ements being cooperable with the piston member 
45 (34) so as to apply the retracting force to the piston 
member (34) upon the axial length of the piezoelec- 
tric stack (28) being reduced. 



50 



55 



4. A fuel injector as claimed in any of Claims 1 to 3, 
wherein the control chamber (62) is defined, in part, 
by a piston bore (35) provided in the piston member 
(34). 

5. A fuel injector as claimed in any of Claims 1 to 4, 
comprising a further chamber (62a), whereby upon 
opening movement of the valve member (12) fuel 
flows from the control chamber (62) to the further 
chamber (62a) at a relatively low rate. 
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6. A fuel injector as claimed in Claim 5, wherein the 
injector further comprises means (65) for substan- 
tially preventing closing movement of the valve 
member (12) from being damped. 

7. A fuel injector as claimed in Claim 6, wherein the 
means for substantially preventing closing move- 
ment of the valve member (1 2) from being damped 
include valve means (65) operable between a 
closed position, in which a substantially fluid tight 
seal is provided between the control chamber (62) 
and the further chamber (62a), and an open position 
in which a flow path (67) for fuel provides commu- 
nication between the control chamber (62) and the 
further chamber (62a). 

8. A fuel injector as claimed in Claim 7, wherein the 
valve means include an annular valve member (65) 

, which is engageable with a further seating (65a), 
and wherein the flow path (67) for fuel is defined, in 
part, between the annujar valve member (65) and 
the further seating (65a). 

9. A fuel injector as claimed in Claim 8, wherein the 
further seating (65a) is defined by a surface of the 
valve member (12), the annular valve member (65) 
being engageable with the further seating (65a) to 
control opening and closing of the flow path (67) for 
fuel. 

10. A fuel injector as claimed in Claim 6, wherein the 
means for substantially preventing closing move- 
ment of the valve member (1 2) from being damped 
includes valve means (65) operable between a 
seated position in which a restricted flow path is de- 
fined between the control chamber (62) and the fur- 
ther chamber (62a) and an unseated position in 
which a relatively unrestricted flow path for fuel is 
defined between the control chamber (62) and the 
further chamber (62a). 

11. A fuel injector as claimed in Claim 10, wherein the 
valve means include an annular valve member (65). 

12. A fuel injector as claimed in Claim 1 0 or Claim 1 1 , 
wherein the annular valve member (65) defines, in 
part, a restricted flow path (90) which serves to re- 
strict the rate of flow of fuel from the control chamber 
(62) during opening movement of the valve member 
(12), thereby to cause opening movement of the 
valve member to be damped. 

13. A fuel injector as claimed in Claim 12, wherein the 
annular valve member (65) has an outer surface 
provided with a screw thread formation (92) which 
defines, in part, the restricted flow path (90). 

14. A fuel injector as claimed in any of Claims 5 to 9, 



further comprising damping means (61) for damp- 
ing opening movement of the valve member (1 2). 

15. A fuel injector as claimed in Claim 14, wherein the 
5 damping means includes a restricted passage (61 ) 

provided in the valve member (12), one end of 
which communicates with the control chamber (62) 
and the other end of which communicates with the 
further chamber (62a), whereby upon opening 
10 movement of the valve member (1 2) fuel flows from 
the control chamber (62) to the further chamber 
(62a) at a relatively low rate. 

r ' 

16. A fuel injector as claimed in any of Claims 1 to 15, 
is comprising a nozzle body (1 0) provided with a noz- 
zle body bore (11) within which the valve member 
(12) is movable, the nozzle body (10) being provid- 
ed with a projection (10a) which is received, in part, 
within a sleeve member (86) within which the piston 

20 member (34) slides. 

17. A fuel injector as claimed in Claim 16, wherein the 
piston member (34) forms a substantially fluid tight 
seal within the sleeve member (86). 

25 

18. A fuel injector as claimed in any of Claims 1 to 17, 
wherein the valve member (1 2) is shaped to include 
a region (12b) of enlarged diameter, the piston 
member (34) being shaped to defined a further sur- 

30 face (35a) which is engageable with the enlarged 
region (1 2b) of the valve member (1 2) so as to cou- 
ple movement of the piston member (34) and the 
valve member (12) upon application of the initial re- 
tracting force, movement of the piston member (34) 

35 and the valve member (12) being decoupled follow- 
ing initial movement of the valve member (1 2) away 
from its seating. 

19. A fuel injector as claimed in any of Claims 1 to 17, 
40 wherein the mechanical coupling means take the 

. form of a substantially C-shaped spring (50) re- 
ceived partially within a first groove (48) provided 
on the surface of the valve member (12) and par- 
tially within a corresponding second groove (52) 
45 provided on the piston member (34) such that, upon 
application of the initial retracting force to the piston 
member (34), the spring (50) serves to couple 
movement of the piston member (34) to the valve 
member (12). 

50 

20. A fuel injector as claimed in Claim 19, wherein the 
spring (50) is arranged such that, following initial 
movement of the valve member (12) away from the 
valve seating, the spring (50) is able to ride within 

55 the corresponding second groove (52) provided on 
the piston member (34), thereby permitting relative 
movement between the piston member (34) and the 
valve member (12). 
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21. A fuel injector as claimed in any of Claims 4 to 20, 
wherein the further chamber (62a) is defined, in 
part, by a recess in an end surface of a fuel injector 
nozzle body (10). 

5 

22. A fuel injector as claimed in any of Claims 3 to 21 , 
wherein the stack (28) of piezoelectric elements has 
an end member (30) associated therewith, the end . 
member (30) cooperating with the piston member 
(34) so as to transmit movement to the piston mem- 10 
ber (34) upon the axial length of the piezoelectric 
element being varied. 

23. A fuel injector as claimed in Claim 22, wherein the 
piston member (34) is provided with resilient bias *5 
means (64, 38) which serve to urge the piston mem- 
ber (34) and the valve member (12) towards a po- 
sition in which the valve member (12) is seated. 

24. A fuel injector as claimed in Claim 22 or Claim 23, 20 
wherein the end member (30) and the piston mem- 
ber (34) are provided with means (40) for preventing 
relative angular movement therebetween. 

25. A fuel injector as claimed in Claim 22 or Claim 23, 25 
wherein the end member (30) is provided with a 
spherical joint (30a) to ensure the piston member 
(34) is substantially axially aligned with a nozzle 
body (10) of the injector. 

30 
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